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 2 
Abstract 22 
 23 
A metabolic fingerprint database of enterococci and Escherichia coli from 10 host groups of 24 
animals was developed to trace the sources of fecal contamination in surface waters. In all, 25 
526 enterococci biochemical phenotypes (BPTs) and 530 E. coli BPTs were obtained from 26 
4057 entercocci and 3728 E. coli isolates tested. Of these, 231 enterococci BPTs and 257   27 
E. coli BPTs were found in multiple host groups. The remaining 295 enterococci BPTs and 28 
273 E. coli BPTs were unique to individual host groups. The database was used to trace the 29 
sources of fecal contamination in a local creek. The mean diversity of enterococci (Di= 0.76 30 
± 0.05) and E. coli (Di= 0.88 ± 0.04) was high (maximum 1) in water samples indicating 31 
diverse sources of fecal contamination. Overall, 71% of enterococci BPTs and 67% of E. 32 
coli BPTs from water samples were identified as human and animal sources. Altogether, 248 33 
enterococci BPTs and 282 E.coli BPTs were found in water samples. Among enterococci, 34 
26 (10%) BPTs were identical to humans and 152 BPTs (61%) were identical to animals 35 
(animal-BPTs). Among E. coli, 36 (13%) BPTs were identical to humans and 151 (54%) 36 
BPTs were identical to animals. Of the animal-BPTs, 101 (66%) enterococci BPTs and 93 37 
(62%) E. coli BPTs were also unique to individual animal groups. On the basis of these 38 
unique enterococci BPTs, chickens contributed 14% of contamination followed by humans 39 
(10%), dogs (7%) and horses (6%).  For E. coli, humans contributed 13% of contamination 40 
followed by ducks (9%), cattle (7%) and chickens (6%). The developed metabolic 41 
fingerprint database was able to distinguish between human and animal sources as well as 42 
among animal species in the studied catchment. 43 
 44 
 3 
Introduction 45 
Surface water is frequently contaminated with fecal bacteria. Non-point sources (NPS) such 46 
as domestic and wild animal defecation (7, 19), malfunctioning septic trenches (2, 19, 25), 47 
storm water drainage and urban runoff (25, 34) and/or point sources (PS) such as industrial 48 
effluents and municipal wastes (40), are known to be potential sources of such 49 
contamination. It has been reported that various human enteric pathogens such as 50 
Salmonella spp., Shigella spp. (13) and hepatitis A (7, 23, 36, 42) have been found in 51 
surface waters as a result of human fecal contamination. Defecation from domestic animals 52 
may further contribute pathogens such as Escherichia coli 0157:H7 and Cryptosporidium 53 
spp. (13, 15, 36, 44). Identification of major sources of fecal bacteria therefore, whether 54 
human or animal, is necessary for improved management of surface water quality and the 55 
minimization of public health risks associated with such contamination. 56 
 57 
Fecal coliforms have been widely used as an indicator of the microbiological quality of 58 
surface and ground waters (16, 19, 22, 44). This group of bacteria is commonly found in the 59 
gastrointestinal tracts of all warm-blooded animals (21, 35, 52). However, the value of fecal 60 
coliforms as an indicator has recently been questioned, because these bacteria can also 61 
derive from various sources such as soil, agricultural run-off, composted animals, decaying 62 
vegetation and industrial processes (13, 16, 28). Instead, it has been suggested that E. coli 63 
and enterococci are much better indicators of fecal contamination as these bacteria colonize 64 
in the gut of humans and other warm-blooded animals (8, 39). E. coli is widely accepted as a 65 
potential fecal indicator bacterium because they are not normally pathogenic, easy to detect 66 
and culture, and are found at concentrations much higher than other pathogens in surface 67 
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waters (50). Fecal streptococci are also considered ideal fecal indicator bacteria because of 68 
their ability to survive in the natural environment for lengthy periods (16, 22, 27, 48). 69 
However, it has also been noted that the sole presence of these bacteria in surface waters 70 
does not provide definitive information regarding their possible source(s) (22, 29, 34, 52).  71 
 72 
In recent years, several methods, collectively known as bacterial or microbial source 73 
tracking (BST or MST) methods, have been developed to distinguish the various sources of 74 
animal and/or human fecal contamination (35, 52). These methods include ribotyping (4, 11, 75 
18, 19, 41), pulsed-field gel electrophoresis (46, 47), ribosomal genetic markers (9, 10), 76 
repetitive DNA sequences (12, 13), carbon source utilization (17) and antibiotic resistance 77 
profiles (22, 40, 53, 54) of fecal indicator bacteria. Chemical methods such as the detection 78 
of caffeine (44) and fecal sterols analysis (33) have also been used to detect the source(s) of 79 
fecal contamination in surface waters. Most of these methods are based on the hypothesis 80 
that phenotypic or genotypic characteristics of specific strains are associated with specific 81 
animals (6, 20, 25, 34). On the basis of this hypothesis, a fingerprint database (i.e. 82 
phenotypic or genotypic profiles) of strains from known sources has been developed to 83 
predict the source(s) of unknown environmental isolates (45, 52). The advantages and 84 
disadvantages of these methods have been discussed in various studies (34, 35, 44). For 85 
instance, genotypic methods, although highly discriminatory, can be laborious and/or 86 
expensive for ecological studies where a large number of isolates need to be tested (19, 30, 87 
38). The most commonly used phenotypic method, the antibiotic resistance profiles, can be 88 
used to test a large number of isolates within a short time and is rather inexpensive. 89 
However, it is known that antibiotic resistance genes can be lost from or gained by bacteria 90 
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under certain conditions (14, 44). In addition, this method does not provide information 91 
about fecal indicator bacteria that are not resistant to antibiotics, but are derived from 92 
different animal species. Chemical methods such as caffeine/pharmaceuticals or fecal sterols 93 
detection require stringent sampling and can be expensive. In addition, it has also been 94 
reported that chemical methods are not sensitive enough to detect recent pollution (44). 95 
 96 
A biochemical fingerprinting method known as the PhPlate system (PhPlate AB, 97 
Stockholm, Sweden) has been reported and used in many epidemiological and ecological 98 
studies (2, 30, 31, 51). It measures the kinetics of bacterial metabolism in micro titer plates. 99 
For each bacterial isolate, it yields a biochemical fingerprint made of several quantitative 100 
data, which are used with the PhPlate software to calculate the level of similarity between 101 
the tested isolates. This system has a high discriminatory ability and reproducibility (30, 31, 102 
32), and is shown to be comparable with many genotypic methods in comparative studies 103 
(30, 31). The PhPlate system is simple to use and can be applied to studies involving large 104 
numbers of isolates, and is therefore an excellent tool for studying the diversity and 105 
persistence of fecal indicator bacteria in surface waters (24, 30, 31, 51). In this study we 106 
used the PhPlate system to characterize two fecal indicator bacteria, enterococci and E. coli 107 
from different host groups (i.e. animal species) to develop a metabolic fingerprint database 108 
to identify the source(s) of fecal contamination in a local creek. 109 
 110 
 111 
 112 
 113 
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Materials and Methods 114 
Host groups sampling 115 
Ten host groups were sampled between July 2003 and August 2004. These groups included 116 
horses, cattle, sheep, pigs, ducks, chickens, deer, kangaroos, dogs and humans (via septic 117 
tanks). For each group of farm animals we initially collected 5 fecal samples from 5 118 
individuals within a farm. Up to 32 isolates of both enterococci and E. coli were tested from 119 
each sample (i.e. each animal) to determine the diversity of these indicator bacteria. Based 120 
on the low diversity (0.41 ± 0.09 for enterococci and 0.53 ± 0.11 for E. coli) (minimum 0 121 
and maximum 1) obtained from this assessment, sampling was extended to include multiple 122 
(up to 20 farms where possible) farms for each group of farm animals. All septic tanks 123 
tested for were within the 100m distance of the creek (see figure 1). However, for farm 124 
animals we collected samples from as many farms as we had access in the studied 125 
catchment. In addition, samples were also collected from other catchments within the same 126 
geographical area. At each farm, up to 3 animals were sampled and from each animal up to 127 
12 isolates were tested. A total number of 234 samples were collected from horses (38 128 
samples), cattle (54 samples), sheep (28 samples), pigs (32 samples), chickens (36 samples) 129 
and ducks (46 samples). All samples were collected from fresh feces of individual animals 130 
with sterile swabs and inserted into Amies transport medium (Interpath, Melbourne, 131 
Australia), transported to the laboratory and tested within 6h. Dog samples (47 samples) 132 
were collected from two city dog parks on 8 occasions. Deer samples (25 samples) were 133 
collected from a local deer sanctuary park and kangaroo (20 samples) samples were 134 
collected from the University of the Sunshine Coast where a large number of kangaroos 135 
roam.  136 
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Human samples were collected from the outlet of 39 septic tanks using sterile swabs. Swabs 137 
were then inserted into Amies transport medium (Interpath), transported on ice to the 138 
laboratory and tested within 6h. 139 
 140 
Isolation of enterococci and E. coli 141 
All fecal samples were streaked on m-enterococcus (Difco, USA) and chromogenic E. 142 
coli/coliform (Oxoid, UK) agar plates and were incubated at 37ºC for 24 h (for E. coli) and 143 
48 h (for enterococci). This chromogenic medium allows specific detection of E. coli 144 
through substrate cleavage by the enzyme glucuronidase and formation of purple colonies, 145 
which are different from other fecal coliforms (rose/pink colonies). All enterococci isolates 146 
were tested for esculin hydrolysis on bile esculin agar (Oxoid) to confirm their identification 147 
(5) before being tested for biochemical fingerprint with the PhPlate system.  148 
 149 
Biochemical fingerprinting with the PhPlate system 150 
 151 
The principle of the biochemical fingerprinting with the PhPlate system has been described 152 
previously (2, 37). This method uses quantitative measurements of the kinetics of several 153 
biochemical reactions of bacteria in microtiter plates with dehydrated substrates (26, 37). 154 
The typing reagents used in this method are specifically chosen for different groups of 155 
bacteria to give an optimal discriminatory power and reproducibility (37). For each bacterial 156 
isolate, it yields a biochemical fingerprint made of several quantitative data, which are used 157 
with the PhPlate software to calculate the level of similarity between the tested isolates. 158 
Prepared microtiter plates contain 11 different substrates in each row and allow testing of 8 159 
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isolates per plate. In this study, we used two types of plates specifically developed for typing 160 
of E. coli (PhP-RE plates) and enterococci strains (PhP-RF plates). The 11 substrates used 161 
for enterococci and E.coli have been described before (24, 30, 51).  The growth medium for 162 
PhP-RF contains 0.2% (w/v) proteose peptone (Oxoid), 0.05% (w/v) yeast extract (Oxoid), 163 
and 0.5% (w/v) NaCl, and 0.011% (w/v) bromothymol blue and for E. coli it contained 164 
0.1% (w/v) proteose peptone, and 0.011% (w/v) bromothymol blue according to the 165 
manufacturer instructions.   166 
From each sample up to 12 single and isolated colony were randomly selected with sterile 167 
tooth picks directly from the chromogenic coliform/E.coli agar plates (for E.coli) and from 168 
the bile esculin agar (for enterococci) and suspended into the first well of each row 169 
containing only 350µl of growth medium. Using a multi-channel pipette, aliquots of 25µl of 170 
bacterial suspension were transferred into each of the other 11 wells containing 150µl 171 
growth medium. Plates were then incubated at 37°C and A620 was measured at 7, 24 and 48 172 
h for E.coli and at 16, 40 and 64h for enterococci using a micro plate reader (Lab-systems 173 
Multiskan, Finland). After the final reading the mean value for all three readings was 174 
calculated for each isolate (biochemical fingerprint). Similarities between the isolates were 175 
calculated as correlation coefficients and clustered according to the un-weighted pair group 176 
method (UPGMA) with arithmetic averages (49). An identity (ID) level of 0.965 was 177 
established based on the reproducibility of the system after testing 20 isolates in duplicate. 178 
Isolates with similarity higher than the ID-level were regarded as identical and assigned to 179 
similar biochemical phenotypes (BPTs). BPTs with identical isolates were called common 180 
(C-BPT) and those with one isolate were called single (S-BPT). All S-BPTs and 181 
representative isolates of each C-BPT were transferred to McConkey agar (Oxoid) for purity 182 
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and further tested for indole production and citrate before they were saved on tryptic soy 183 
broth (Oxoid) with 15% (v/v) glycerol at –80oC.    184 
 185 
The phenotypic diversity among the isolates was measured with Simpson’s index of 186 
diversity (Di) (4). Di in the present study depends on isolates distribution into different 187 
BPTs. Diversity is high (maximum 1) for a population consisting of different BPTs and is 188 
low (minimum 0) if the population consisting of few BPTs. The phenotypic similarity 189 
between different bacterial populations in two or more samples was calculated as population 190 
similarity coefficient. The population similarity coefficient calculates the proportion of 191 
isolates that are identical in two or more compared bacterial populations (29). It is high 192 
(maximum 1) if two populations contain similar BPTs, and is low (minimum 0) if the 193 
population contains different BPTs. Clustering of population similarity coefficients was also 194 
performed according to the UPGMA method. All data handling, including optical readings, 195 
calculations of correlations and coefficients, diversity indexes, population similarity values 196 
as well as clustering and printing dendrograms, was performed using the PhPlate software 197 
version 4001 (PhPlate system, PhPlate AB, Stockholm). 198 
 199 
Database development 200 
In developing the database, we categorized the BPTs into two distinct types, unique (UQ) 201 
and shared (SH) BPTs on the basis of their occurrence in host groups. The UQ-BPTs are 202 
those BPTs that are specific to a single host group, whereas SH-BPTs were found in 203 
multiple host groups. To achieve this, all BPTs obtained from each animal were compared 204 
with other animals within a host group. If identical, a representative of identical BPTs, as 205 
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well as all non-identical BPTs, were initially saved in the database and regarded as total-206 
BPTs for each host group of animals. Further, total-BPTs from each host group were cross-207 
referenced with those of others to calculate the occurrence of BPTs among different host 208 
groups. For instance, if a BPT from a host group (e.g. horse) was identical to a BPT from 209 
another (e.g. sheep), this BPT was regarded as SH-BPT (i.e. “shared”) between two host 210 
groups. If a BPT from a host group was not identical to any other groups, it was regarded as 211 
UQ-BPT (i.e. “unique”).  212 
Surface water sampling    213 
Water samples were collected from the Eudlo Creek, a sub-catchment of the Maroochy 214 
River in South-East of Queensland, Australia (Figure 1). The total area of this largely rural 215 
sub-catchment is approx. 7980 ha, of which > 85% is not serviced by a centralized sewer 216 
system. The creek is approx. 8 km in length and has been reported by the Environmental 217 
Protection Agency (EPA) and Waterwatch (a community-based organization) to be 218 
contaminated with fecal bacteria and nitrates. Possible sources of contamination include 219 
intensive animal farms and approx. 1600 conventional septic systems (2).  220 
 221 
Samples were collected from up to 5 sites across the Eudlo sub-catchment (see Figure 1) 222 
during November 2003 to December 2003 and during August 2004 to September 2004 on 7 223 
different occasions. In all, 27 samples were collected and were tested in triplicate. Water 224 
samples were collected in 500ml sterile bottles from 30cm below the water surface and 225 
transported on ice to the laboratory and tested within 6 h. The membrane filtration method 226 
was used to process all the water samples (3). Different dilutions of water samples were 227 
filtered through a 0.45µm pore size membranes (Millipore, USA) and placed on 228 
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chromogenic E. coli/coliform (Oxoid) and m-enterococcus agar plates (Difco) and the plates 229 
were incubated at 37oC for 24 h (for E. coli) and 48 h (for enterococci). After incubation, 230 
from each water sample up to 40 (where possible) enterococci and E. coli isolates (where 231 
possible) were typed with the PhPlate system as described earlier.  232 
Statistical analysis 233 
Mann Whitney’s non-parametric test was used to determine the significant difference 234 
between the mean number of enterococci BPTs and E. coli BPTs found in all host groups. In 235 
addition, this test was also performed on the overall diversity of enterococci and E. coli from 236 
all host groups.   237 
 238 
Results 239 
A total number of 4057 enterococci and 3728 E. coli isolates were typed from 10 host 240 
groups. Within each host group, different BPTs were found some of which, were identical.  241 
Representatives of the identical BPTs and the non-identical BPTs were initially included in 242 
the database and regarded as total-BPTs found in each host group. Applying this approach, a 243 
total number of 526 BPTs of enterococci and 530 BPTs of E. coli were obtained from all 244 
host groups.  Table 1 shows the number of isolates tested and the number of total- BPTs 245 
found in each host group. For enterococci, the ratio of BPTs over the number of total 246 
isolates tested from each host group ranged from 7.3% (for sheep) to 18.7% (for horse) 247 
yielding a mean value of 13.9 ± 4.0 for all host groups. With E. coli this ratio ranged from 248 
8.2% (for sheep) to 17% (for ducks), yielding a mean value of 14.4 ± 2.5 (Table 1). The 249 
mean number of total enterococci and E. coli BPTs found in all host groups did not differ 250 
significantly (p=0.97).   251 
 12 
The mean diversity of both enterococci and E. coli within each host group ranged from 252 
0.41± 0.38 (for sheep) to 0.75± 0.25 (for horses) and from 0.44 ± 0.27 (for sheep) to 0.85± 253 
0.07 (for deer) respectively (Table 2). However, the overall diversity of both indicator 254 
bacteria (0.6 ± 0.1 for enterococci vs. 0.65 ± 0.1 for E. coli) did not differ significantly 255 
(p=0.36).     256 
 257 
Unique and shared BPTs  258 
When we compared the total-BPTs of all host groups with each other, it was found that 259 
certain BPTs were specific to individual host groups. These BPTs were referred to as UQ-260 
BPTs. For enterococci, the range of UQ-BPTs among host groups varied from 7 (in sheep) 261 
to 66 (in humans). For E. coli, this figure was 6 (in kangaroos) and 69 (in humans) (Table 262 
3).  The mean percentage of total UQ-BPTs among enterococci and E. coli was 56% and 263 
51% respectively. Certain BPTs were also found in multiple host groups and they were 264 
referred to as shared SH-BPTs. For instance, of the 76 enterococci total-BPTs found in 265 
horses, 54 were only found in horses (i.e. UQ-BPTs), whereas 22 were found not only in 266 
horses but also in other host groups (SH-BPTs).  267 
 268 
For enterococci, the range of SH-BPTs among host groups varied from 14 (in sheep) to 33 269 
(in chickens) and for E. coli, these figures were 13 (in kangaroos) and 37 (in ducks) (Table 270 
3). Therefore, a total number of 295 enterococci BPTs and 273 E. coli BPTs occurred only 271 
once in the database while 231 BPTs for enterococci and 257 BPTs for E. coli occurred in 272 
multiple host groups. All BPTs (i.e. UQ or SH-BPTs) from animal groups that were not 273 
found in humans were collectively categorized as animal-BPTs. The animal-BPTs consisted 274 
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of 432 enterococci BPTs and 438 E. coli BPTs of which, 229 (53%) enterococci BPTs and 275 
204 (47%) E.coli BPTs were UQ-BPTs (see Tables 1 and 3).  276 
 277 
Tracking the source of contamination in Eudlo Creek 278 
A total number of 27 water samples were collected from 5 sites along the Eudlo creek 279 
mainstream (Figure 1). From each water sample, up to 40 enterococci and E. coli isolates 280 
(where possible) were typed and compared with the database. The mean diversity of 281 
enterococci (Di= 0.76 ± 0.05) and E. coli (Di= 0.88 ± 0.04) was generally high (maximum 282 
1) in water samples indicating diverse sources of these bacteria. A total number of 791 283 
enterococci isolates (248 total-BPTs) were tested from water samples, of which, 26 BPTs 284 
(10%) were only found in humans (i.e. UQ-BPTs) and 152 BPTs (61%) belonged to animals 285 
(i.e. animal-BPTs) tested in this study (Table 4). Of the 550 E. coli isolates (282 total BPTs) 286 
tested from the same water samples, 36 BPTs (13%) were of human origin and 151 BPTs 287 
(54%) belonged to animals tested (Table 4). The remaining 70 enterococci BPTs and 95 E. 288 
coli BPTs, either belonged to BPTs shared between humans and animals (28 enterococci 289 
BPTs and 23 E. coli BPTs), or did not match the database and were therefore regarded as 290 
unknown BPTs (Table 4).  291 
Comparison of total-BPTs found in water samples over the entire sampling period with the 292 
database showed that 61% enterococci and 54% E. coli BPTs were identical to animal-293 
BPTs, and that some were also unique to individual animal group. Distribution of UQ-BPTs 294 
among animal species ranged between 0% (deer) to 13% (chicken) for enterococci and 0% 295 
(deer) to 8% (ducks) for E. coli. Ten percent of enterococci UQ- BPTs and 13% of E.coli 296 
UQ-BPTs found in water samples were identical to humans.  297 
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 298 
To identify whether there is a fundamental difference between the population of both fecal 299 
indicator bacteria from humans and animals, we also performed a population similarity 300 
comparison between all BPTs found in humans and animals. The results indicated that the 301 
mean similarity among enterococci (0.27 ± 0.1) and E.coli (0.34 ± 0.06) populations 302 
between different animal groups was significantly higher (p=0.003 for enterococci and p = 303 
0.001 for E.coli) than the mean similarity between humans and animals (i.e. 0.16 ± 0.03 for 304 
enterococci and 0.98 ± 0.02 for E. coli) (Figure 2).   305 
 306 
Discussion 307 
Identification of potential source(s) of fecal contamination in surface waters requires a 308 
method that is capable of distinguishing between human and animal sources. Ideally, the 309 
method should also be sensitive enough to discriminate different animal species. In recent 310 
years, several genotypic and phenotypic methods have been developed to trace the sources 311 
of fecal contamination in surface waters by typing fecal indicator bacteria (9-11, 13, 19, 22, 312 
40, 41, 43, 46, 47, 53, 54). In this study, we used a biochemical fingerprinting method to 313 
develop a host-specific metabolic fingerprint database of two recommended fecal indicator 314 
bacteria, enterococci and E. coli (1, 44) to trace the sources of fecal contamination in surface 315 
waters. 316 
It is known that the size and representativeness of the database are two important factors for 317 
determining the source(s) of fecal contamination (44, 52). To date, most of the genotypic 318 
and phenotypic host origin databases are based on testing up to 500 isolates of either 319 
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enterococci or E. coli (11-13, 19, 34, 40, 44, 52). In addition, these isolates were usually 320 
collected from a small number of samples, which may not sufficiently represent the diverse 321 
fecal indicator bacteria found in different host groups. In developing the metabolic 322 
fingerprint database we specifically focused on two important factors. One was the number 323 
of isolates to be tested from each animal species, and the other was how well these numbers 324 
represent the diversity of indicator bacteria among the animal species. To address this 325 
question, we initially tested 160 isolates of both fecal indicator bacteria from 5 randomly 326 
chosen individuals of the same species of animals within a farm (data not shown). This 327 
comparison showed that animals of same species within a farm carry many identical BPTs, 328 
which could be explained by their frequent contact with each other or dietary similarity, and 329 
therefore sharing a common bacterial population (19, 20, 26). However, we obtained a better 330 
diversity when we compared animals of the same species from one farm with those of 331 
another within a radius of around 20km both inside and outside of the studied catchment. 332 
For this reason, we reduced the number of samples up to 3 individuals of same species from 333 
each farm and increased the number of farms up to 20 where possible within and outside the 334 
study area. Using this strategy, we tested an average of 400 isolates of both fecal indicator 335 
bacteria from 10 host groups yielding a total number of 4087 enterococci and 3728 E. coli 336 
isolates from different farms or locations. Based on this experience, however, we suggest 337 
that the emphasis should be on focused testing of more individual animals (preferably from 338 
different farms) rather than testing more isolates from each individual, so as to obtain 339 
diverse phenotypes or genotypes of known sources. 340 
    341 
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The comparison of total-BPTs in each host group with others showed that many identical 342 
BPTs were shared in multiple host groups. Bacteria are ubiquitous in the environment and 343 
can be found transitionally in many animal species simultaneously. Similar shared 344 
fingerprints (ribotypes) have also been reported among different host groups in other studies 345 
(19, 20, 34).  However, in our study, the percentage of shared BPTs among host groups was 346 
quite high. This is due to the fact that we not only tested a large number of isolates from 347 
each host group but also tested a wide range of host groups and therefore found more shared 348 
BPTs among host groups. In contrast, a number of BPTs were also specific to individual 349 
host group and therefore regarded as unique (UQ) BPTs. A recent molecular-based study 350 
(25) defined unique genotypes on the basis of specificity to individual host group rather than 351 
comparing these genotypes to those found in other host groups. However, in our study, we 352 
defined UQ-BPTs as those BPTs that occurred once only in each host group after comparing 353 
with all other total-BPTs found in other host groups. The number of UQ-BPTs in our study, 354 
varied among different host groups. Some host groups (i.e. sheep, deer and kangaroos) 355 
contained a smaller number of UQ-BPTs than others. This may be explained by the fact that 356 
a smaller number of samples tested from these host groups from limited locations and 357 
therefore our sampling effort could not capture the diversity found among these host groups. 358 
Nevertheless, we found that these UQ-BPTs can be used as specific fingerprints to pinpoint 359 
the sources of fecal contamination in surface waters. In contrast, some SH-BPTs were found 360 
in two or more animal species including humans. For instance, we found 28 BPTs of 361 
enetrococci and 23 BPTs of E. coli, which were occurred in both human and animal host 362 
groups. These BPTs could not be used to distinguish the various sources of fecal 363 
contamination and were excluded from our database. However, we also found that certain 364 
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SH-BPTs, though found among different animal species, were not found in humans and 365 
could therefore be categorized as animal-BPTs (including UQ- and SH-BPTs among 9 host 366 
groups of animals). 367 
To evaluate the ability of our database to identify the sources of fecal contamination, we 368 
collected a total number of 27 water samples from 5 different sites along the Eudlo creek 369 
mainstream on several occasions and compared the total-BPTs of both fecal indicator 370 
bacteria isolated from these sites with our database. Ten percent of enterococci BPTs and 371 
13% of E. coli BPTs were identified as human UQ-BPTs. It should be noted that, in our 372 
study, human samples were obtained from septic tanks rather than fresh human fecal 373 
samples and therefore, some unique and/or shared strains may have not survived in the 374 
septic tanks and therefore not detected. Of the animal-BPTs, 101 (66%) of enterococci BPTs 375 
and 93 (62%) of E. coli BPTs were unique to individual host groups. On the basis of UQ-376 
BPTs for enterococci, chickens contributed 13% of contamination followed by humans 377 
(13%). For E. coli, humans contributed 13% followed by ducks (9%). Both the enetrococci 378 
and E. coli databases was in close agreement in terms of identifying the sources of 379 
contamination (i.e. for humans 10% enterococci and 13% E. coli; for cattle 6% enterococci 380 
and 7% E. coli were identified from same water samples) though it was not quite consistent 381 
for certain host groups (i.e. for chickens 14% enterococci and 6% E. coli). However, 382 
interestingly total-BPTs from deer were not identical to those found in the water samples 383 
which can be explained by the fact that deer are normally kept in a sanctuary, which 384 
restricted their access to nearby creeks and in addition, our study area did not contain any 385 
wild deer. On the basis of this, we conclude that both fecal indicator bacteria can be used 386 
alone or in combination with each other, which provide a much better insight regarding the 387 
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contributing sources. Using this PhPlate system and the same indicator bacteria, we have 388 
recently shown that combination of both fecal bacteria provide a better understanding of the 389 
sources of human contamination in surface waters through failed septic systems (2).  390 
Certain BPTs of both fecal indicator bacteria found in water samples did not match our 391 
database. This may be due to the fact that either our database was not large enough to 392 
capture the diversity of these indicator bacteria, or that these unknown BPTs might have 393 
originated from other non-point sources or a combination of both. It has been suggested that 394 
a library size up to 40,000 isolates may be needed to capture the genetic diversity present 395 
among E. coli (25). It is also recommended that database should ideally be developed from 396 
the animal species residing in the study area, as they more likely to contribute fecal 397 
contamination to surface waters in study area (25). In our study, although we tried to collect 398 
samples from as many farms as possible within and outside the studied area, we did not have 399 
access to all farms in the studied catchment. Another important factor that has to be 400 
considered is that the number and the types of animals within a study area may vary over 401 
time due to agricultural practices and/or animal migration (25) and therefore it may not be 402 
possible to include samples from all animals reside in a study area. This will restrict the 403 
ability of a database to trace the sources of contamination from all animals within a 404 
watershed. In addition, it is known that geographical variability exists among indicator 405 
bacteria (19), which limit the efficiency of a database to identify unknown environmental 406 
isolates when these bacteria are collected from another geographical area. Therefore, it has 407 
to be noted that the universal use of such host species-specific database which is developed 408 
for a limited geographical area should be interpret with care.                                                           409 
 410 
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In conclusion, we developed a host-specific metabolic fingerprint database of two fecal 411 
indicator bacteria and used that successfully to trace the sources of fecal contamination in 412 
the studied creek. The database was capable of identifying the sources of more than 65% of 413 
fecal bacteria in the studied creek. We also found that while this system could differentiate 414 
between humans and animal sources of fecal contamination, it was also capable of further 415 
differentiating between animal species and therefore can be used as a potential tool to trace 416 
the sources of fecal contamination in the subject catchment.  417 
 418 
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Legend to figures 
 
Fig. 1: Sampling sites (EC1-EC5) on Eudlo creek mainstream. Conventional septic 
systems (○) within 50 m distance of the creek and animal farms (∆). 
 
Fig. 2: A UPGMA dendrogram of population similarity (Sp-value) of enterococci (a) and 
E. coli (b) populations from all host groups.  
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